An experimental study has been performed on water droplet deformation in the shoulder region of an airfoil. The experiments have been carried out in a rotating arm facility 2.2 m long and able to rotate up to 400 rpm (90 m/s). A blunt airfoil model (chord length equal to 0.468 m) was placed at the end of the arm. A droplet generator was used to generate a stream of water droplets with an initial diameter of 1000 μm. An imaging system was set up to record the trajectories and deformations of the droplets in three different regions close to the airfoil shoulder. The base flow field was characterized using a particle image velocimetry system. The experiments show that droplet deformation results in the shoulder region of the airfoil are different from those pertaining to the leading edge region. In particular, droplets in the shoulder region tend to rotate to the direction of the incoming airfoil which generates an interference effect between the droplets that make up the stream. These differences have been quantified applying an existing theoretical model specifically developed for the leading edge region to the results obtained in the present study.
Introduction
Droplet deformation is a subject of interest both from the basic fluid mechanics and from the aerospace engineering points of view. First, regarding fundamental fluid mechanics, one of the main challenges of droplet deformation and breakup research is to generalize the different modes of deformation. At the early stages of this type of research, the deformation modes were characterized based on qualitative features. More recently, different attempts have been tried to identify a limited set of fundamental mechanisms that manifest themselves in the fashion of a wide variety of different deformation modes. For a comprehensive review of this approach, the interested reader is directed to the work of Theofanous [1] and Theofanous and Li [2] . Another basic fluid mechanics aspect that has attracted the attention of researchers has been the influence that the flow velocity profile has on both the droplet deformation and breakup processes. Even though many theoretical and experimental studies (based, mostly, on shock-tube-type facilities) have been carried out in conditions of constant, or nearly constant, flow velocity, certain applications of engineering interest are characterized by either accelerating or decelerating flow profiles. In this specific area, the relevant references are the works of Temkin and Mehta [3] , Igra and Takayama [4] , and Jourdan et al. [5] . It is also important to refer to the advances made in this field using computational fluid mechanics techniques. Recently, Chang et al. [6] have presented a numerical method that solves the Navier-Stokes equations in computational domains containing a variable number of material interfaces for a wide range of flow parameters, thereby allowing for a large flexibility in the analysis of these problems. Rendall and Allen [7] have proposed a combined Lagrangian finite volume formulation that speeds up the convergence of the numerical algorithm. Jung and Myong [8] have presented a second-order finite volume scheme that allows for the problem solution without the need to resort to a parallel Lagrangian formulation. Computation of the problem using a one-way iteration approach that simplifies convergence (at the expense of losing accuracy) has been addressed by Iuliano et al. [9] .
Second, with regard to aerospace engineering applications, the issue of droplet deformation and breakup has to do with two different aspects related to flight safety. The first one is the effect of heavy rain on flight controllability, while the second one is its influence on icing conditions. Statistics show [10] that about 50% of the accidents in civil aviation are connected to adverse atmospheric conditions. A large, not easily quantified, percentage of these accidents involved heavy rain [11] . The reason is that heavy rain impacts on the forward part of the fuselage and on the wings and, therefore, it affects the torque around the aircraft centre of gravity [10] . Also, droplet impact and accumulation on wings and control surfaces generate an "artificial roughness" effect that degrades controllability. For example, Hansman and Craig [12] have shown that rain with a water content of 30 gr/m 3 degrades the aerodynamic behavior of NACA 64-210 and NACA 0012 airfoils by a factor of 5% and 15%, respectively. Heavy rain may also clog the gap in a lifting surface with deflected slats, thereby causing premature boundary layer separation [13] . Also, Rehorts et al. [14] have estimated that icing caused 542 flight accidents between 1976 and 1988. This is because ice accretion deteriorates aerodynamic performance by a factor of the order of 5% to 25% [15] . Additionally, icing may contribute to the anticipation of dynamic stall [16] .
In this context of aerospace engineering applications, it is important to quantify the influence of these effects on the systems and products that industry designs and manufactures. Typically, up to now, this influence has been accounted for by means of using semiempirical correlations (see the references quoted in the previous paragraph). However, it would be interesting to move one step forward by means of increasing the level of fidelity of the methods and tools used by the industry. From a practical viewpoint, the authors of this article believe that it is likely that the next generation of industrial tools will be of a statistical nature. The reason is that, to be of practical use, they will have to account for the simultaneous behavior of larger numbers of droplets. For a generic and, also, in depth description of these methods, see the review article of Lasheras et al. [17] . Within this logic of development, it is relevant to refer to the article of Maab and Kraume [18] that uses single-drop experiments to determine the breakage rates that are needed in population balance equation (PBE) models. These PBE formulations are a class of very promising statistical-like methods thatare being used in this field. It is, also, interesting to quote, literally, what Maab and Kraume [18] write in the introduction section of their article: "the key challenge associated with the formulation of predictive PBE models is the experimental determination of unknown drop breakage and coalescence functions as sub-models in the PBE". That is, a possible way (among many others) to develop new methods and tools for the aeronautics industry could be the use of specific PBE formulations in which the required breakage functions are obtained via experiments, via models derived from the experiments, or via numerical simulations; see, for example, [19] , for the numerical approach. Specifically, this is the train of thought that the authors of the present article are following.
In a previous study, the authors of this article, García-Magariño et al. [20] , carried out an experimental study on single-droplet deformation in the leading edge region (close to the stagnation streamline) of an airfoil. Details of the experimental setup as well as the data reduction techniques that were used are given in [21] . Based on those experimental data, Sor et al. [22] developed a theoretical model for single-drop trajectory and deformation. However, those studies were somewhat limited in the sense that to generate reliable prediction tools, knowledge on the phenomenon all around the airfoil is required. This is why the present study focuses, complementarily, on droplet deformation in the shoulder region of the airfoil. From the fluid mechanics point of view, the main difference with the case presented previously by García-Magariño et al. [20] is that in the airfoil leading edge region, the flow, as seen from the droplet frame of reference, accelerates in the direction of the airfoil motion with no significant gradient in the direction normal to it. However, in the shoulder region, there are velocity gradients in the direction of the airfoil motion and also in the direction normal to it. As it will be shown in a later section, this fact causes a different sequence on the droplet deformation behavior. Finally, it is to be noted that the authors of this article were not able to find previously published experimental results on droplet deformation in the shoulder region of an airfoil; so, to the best of their knowledge, the present results might be the first to be available in the open literature.
Regarding article organization, the experimental setup is described in Section 2, results and the associate discussion are presented in Section 3, and finally, conclusions are stated in Section 4.
Description of the Experimental Facility and Equipment
This study was carried out at the rotating arm facility of INTA (Instituto Nacional de Técnica Aeroespacial-National Institute of Aerospace Technology) located in Madrid, Spain. The rotating arm has a length of 2.2 m and it is placed on top of a supporting structure. The rotating motor that propels the arm is located inside the support structure and has a power of 5 KW. These working conditions allow for a maximum translational velocity of 90 m/s at the arm end (400 rpm). The rotational velocity is monitored using a led optical system that focuses a light beam on the rotating arm and monitors its reflection. The airfoil model, manufactured out of styrofoam, was located at the arm, and it had a chord length of 0.468 m. Its leading edge radius was 0.070 m and Table 1 , while its actual shape is presented in Figure 1 .
As it could be observed, the chosen profile was rather blunt which is representative of a wide class of commercial aircraft airfoil shapes. The droplet generator was a monosized TSI MDG-100. Droplet diameters could be selected in the range from 300 μm to 1500 μm. This was achieved by means of varying both the jet mass flow rate and the vibration frequency at the piezoelectric. The water discharge could be selected in the range from 2.2 cm 3 /min up to 51.79 cm 3 / min. Vertical droplet velocities in the measurement window were of the order of 5 m/s (the airfoil velocity varied between 50 m/s and 90 m/s). The camera to record images was a Photron SA-5. The capturing rate could be chosen in the range from 1000 frames per second (fps) up to 1,000,000 fps. The resolution was dependent of the capturing rate. For these experiments, the selected capturing rate was 72,000 fps which led to an image resolution of 192 × 512 pixels. Shutter speed was 1 μs. The software used to capture and save the images was Photron FASTCAM, while the software used to analyze and process the image was SITEA [22] , which was developed for this purpose in a Matlab environment. To improve capturing quality, the droplets were illuminated with 2000 W Xenon light to create a shadowgraph in a white gray background. A sketch of the experimental setup is shown in Figure 2 , while an actual photograph of the facility is presented in Figure 3 .
Analysis and postprocessing of the droplet deformation results required characterization of the flow field generated by the airfoil. This was done using a TSI particle image velocimetry (PIV) system. Two pulsed ND:Yag 190 mJ lasers were used for illumination purposes. Laser pulses lasted for 8 ns each. Images were recorded with a Power View Plus 4 MP camera. Its resolution was 2048 × 2048 pixels. Camera lenses were AF-S VR Micro-Nikkor 80-200 mm f/2.8 D IF-ED and Nikkor 50 mm f/1.4. Flow seeding in the testing room was performed using 1 μm droplets. Image capturing and flow synchronization was achieved using the TSI Insight 3G software and a synchronizer. Sampling frequency of the flow field varied between 4.8 Hz and 6.5 Hz. The time between two consecutives pulses was chosen between 1 μs and 200 μs. At the most critical case, a particle would move of the order of 1 mm between pulses that is a distance much smaller than the problem characteristic length (the airfoil leading edge radius) that was 70 mm. Every single PIV area was divided into smaller interrogation areas containing 3 International Journal of Aerospace Engineering 64 × 64 pixels. It was assumed that the characteristic time of the problem was the characteristic time of the flow velocity variation (as seen from the droplet reference frame). This characteristic time was estimated as the ratio of a characteristic velocity to a characteristic acceleration. In the worstcase scenario, the time between pulses was about 15 times smaller than the characteristic time of the problem. Accordingly, it was considered that both the spatial and temporal resolution of the PIV system were appropriate to describe the problem under consideration. The flow characterization was carried out without the presence of droplets. So, in a sense, it was assumed a one-way interaction approach (see [9] ). Figure 4 shows the 2D velocity map, in the airfoil reference frame, obtained for the airfoil velocity of 90 m/s. These results are the average of 50 different measurements. It could be argued that flow characterization could have been done far more easily using an analytical approach, for example, using the potential flow velocity profile past an airfoil. However, it was decided to do it experimentally because of three different facts: (a) the flow field was turbulent (the Reynolds number was in the range from 2,000,000 to 5,000,000), (b) the airfoil trajectory was circular (instead of rectilinear) in a closed room where the flow was continuously being disturbed, and (c) the airfoil was not two dimensional but, instead, it had a finite length in the span-wise direction.
With regard to repeatability, each case in the matrix of experimental cases to be described in the next section was repeated 50 times. It was found that dispersion of the results was larger in the cases with highest airfoil velocity. Figure 5 shows the 2D map of the standard deviation of the 50 measurements at the highest airfoil velocity. In this case, the spread was of the order of ±3 m/s that is much smaller than the airfoil velocity (90 m/s).
Description of the Experimental Cases
Nine different cases were addressed in this experimental study. They corresponded to the variation of two parameters: The initial droplet diameter (on the order of 1 mm) and the airfoil model where unchanged through the experiments. To ensure repeatability, each of the nine experimental cases was repeated four times. To illustrate the area that was analyzed, the position of the three different FOV's is shown in Figure 6 . A sketch of the typical results to be expected for each FOV is shown in Figure 7 .
The key for the nine different cases is presented in Table 2 .
Experimental Results and Discussion
From a quantitative point of view, each of the nine cases (#1 to #9) described in Table 2 is characterized by the slip velocity profile that the airfoil generates past the droplet. In particular, it is the unsteady loading associated to the velocity profile that causes the droplet deformation and eventual breakup that have been observed. The nine slip velocity profiles have been measured and the results are presented in Figures 8, 9 , and 10 as a function of the horizontal distance to the airfoil leading edge. This slip velocity has been computed in two steps assuming a one-way interaction process, that is, the air velocity has been obtained via PIV while the droplet velocity has been measured with the optical camera tracking its horizontal position as a function of time. Regarding the repeatability of the results, Figure 11 shows the uncertainties associated It could be observed that the largest uncertainty, of the order of ±5%, occurs at times close to the finalization of the experimental series, that is, when both the air and droplet velocity are higher. Looking, for example, at Figure 8 , it could be observed that the slip velocity profile associated to FOV #1 leads to slip velocities that are larger than those associated to FOV #2. At the same time, slip velocities associated to FOV #2 are larger than those corresponding to FOV #3. The reason, see Figure 6 , is that FOV #1 is the closest one to the airfoil leading edge region, while FOV #3 is the one located the farthest away from it. The same trend can also be observed in Figures 9 and 10 . Also, when comparing, for example, Figures 8 and 9 , it could be seen that slip velocities are larger in Figure 9 that correspond to an airfoil velocity of 70 m/s, than those presented in Figure 8 that correspond to an airfoil velocity of 50 m/s. The same behavior could be observed when comparing Figures 9 and 10 . Now, the evolution of droplet deformation (quantified as the ratio of the largest to the smallest dimension of the droplet in the photographs) associated to the nine cases defined in Table 2 is presented in Figures 12, 13 , and 14. Figure 12 shows that in this case, that is characterized by the lowest airfoil velocity (50 m/s), droplet deformation depends strongly on the specific FOV used. For example, the deformation associated to FOV #3 is much smaller than deformation associated to FOV #1. The reason is that, see Figure 8 , slip velocities associated to case #3 are consistently smaller than those associated to case #1. It is also worth observing that the deformed droplets tilt in the direction of the incoming airfoil. In some cases, at the last measurement instants, this tilting is close to 45 degrees. It is also worth noting that the dark shape of the airfoil can be glimpsed in the lowest frame (far-right corner) of the left column of Figure 12 . When the airfoil velocity increases up to 70 m/s, see Figure 13 , all deformations, as well as the degree of tilting, tend to be similar for the three different FOVs. This observation is further reinforced when observing the results presented in Figure 14 . The reason could be that above some threshold loading, all droplets tend to deform to the same asymptotic state. It is, nevertheless, worth noting that the local details of the deformation are different even if the global aspects are similar. This can be observed when comparing the right and left columns of Figure 13 and the right and left columns of Figure 14 . In those cases, droplets existing in FOV #3 tend to deform with concavity pointing towards the incoming airfoil, while the opposite happens for droplets recorded inside FOV #1. This suggests that droplet deformation is apt to be analyzed in terms of both local and global patterns. Or to put in other words, a plausible theoretical model of model deformation might have two different scales: the local scale and the global scale. This also suggests that the breakup pattern may also be different in the different FOVs owing to the dissimilar deformation history.
Another aspect to be noted in the results presented in Figures 12, 13 , and 14 is that the deformation of the train International Journal of Aerospace Engineering of droplets causes aerodynamic interference between the droplets themselves. This is because of the abovementioned tilting towards the incoming airfoil that is in contrast with experimental results obtained for droplet trains focused on the leading edge region [20] . In the present case, the tilting suggests that the aerodynamics behavior of each single droplet is somewhat coupled to that of its nearest neighbors. To further quantify this effect, the slip velocity direction has been computed out of the experimental results and it is shown, superimposed in green color, in the train of droplets corresponding to case #9; see Figure 15 .
To observe this effect in more detail, the last snapshot of Figure 15 has been enlarged and it is shown in Figure 16 . There, it could be observed that each single droplet is partly shielded by their downstream neighbor and possibly affected by its downstream recirculation region; so this fact actually affects the aerodynamics loading impinging on it. In any case, it is to be noted that the 2D picture of Figure 16 might give an exaggerated impression of the actual shielding. The reason is that in the actual 3D situation the fact that deformed droplets assume a disk like form causes the shielding to be smaller (this could have been observed if pictures in the direction perpendicular to that of Figure 15 could have been taken). In any case, all this suggests that, in the shoulder region of the airfoil, analytical models for droplet deformation should International Journal of Aerospace Engineering not target isolated droplets but, instead, they should account for aerodynamic interferences. In practice, this means that the modeling complexity required for this region will probably be higher than that considered by Sor et al. [22] who focused on the leading edge region only. As a matter of illustration, Figure 17 shows the counterpart of Figure 15 but performing the measurements right in the leading edge region (neither FOV #1, #2, or #3 but one additional dedicated set of measurements). In Figure 17 , it could be observed that tilting, and the associated aerodynamic interference, is negligible in the airfoil leading edge region. On the other hand, in an actual in-flight situation, this aerodynamics interference depends on the liquid water content (LWC) of the cloud that the actual airfoil is immersed into. In heavy rainfall, LWC is of the order of 32 gr/m 3 with droplet diameters around 6 mm. These figures can go down to LWC of about 1 gr/m 3 with droplet diameters of 1 mm. However, the experimental setup used in this work dealt with trains of droplets, not with clouds of droplets. This means that interference effects in both situations are markedly different. For example, the separation between consecutive droplets in the experiment is smaller than the typical separation in the case of heavy rainfall (LWC of about 32 gr/m 3 ). Now, it is interesting to compute the trajectory and deformation of the droplets in the shoulder region, as shown above, using the model proposed by Sor et al. [22] . The model contains three ordinary differential equations: two dynamic equations for the horizontal and vertical droplet position and a third equation for droplet deformation. The actual form of the model equations computed is as follows: x, y, and a are the droplet horizontal and vertical displacements and the droplet maximum half diameter. The other parameters are described in the Nomenclature list. Slip velocities V sx , V sy , and V s that appear in (1), (2) , and (3) are defined as follows:
The air velocity components, V air x and V air y , were measured using the PIV system as explained in Section 2. These components were measured as a function of the distance to the airfoil model that moved with constant velocity U m . Then, V air x , V air y were obtained as a function of the variables x and y. It is interesting to note that the model presented by Sor et al. [22] is formally valid on the airfoil leading edge stagnation region only. In this region, the slip velocity in the vertical direction could be International Journal of Aerospace Engineering considered negligible, thereby effectively decoupling the horizontal position equation and the deformation equation. When applying this model to the droplets in the shoulder region, this assumption is no longer valid and the three equations are coupled. Another assumption made in [22] is that droplets deform as an oblate spheroid of maximum half-diameter a. It can be observed in Figures 12, 13 , and 14 that even though the droplet could be considered an oblate spheroid at a first approach, this is not as obvious as in the stagnation region in the leading edge of the airfoil. Figures 18, 19 , and 20 show the comparison of the droplet theoretical trajectories computed with the experimental data for cases 1 to 9. The numerical trajectories have been computed using the Matlab solver ode15i, which is an implicit differential equation solver. The initial conditions for the computations were taken from the experimental data for each specific test case.
Regarding the actual comparison between measured and computed droplet trajectories, it could be observed in Figures 18, 19 , and 20 that the theoretical model provides results with the same level of discrepancy no matter what FOV is considered. In a sense, the previous discussed aerodynamics interference effects may cause the discrepancies observed. However, as argued before, these discrepancies might be somewhat smaller in an actual flying situation. Finally, it is important to quantify the discrepancies between the measured and computed droplet trajectories. The criterion was to compute for each of the nine cases which studied a figure of merit Ω defined as the difference (for each time) between the theoretical and experimental "x/R d " divided by the maximum experimental value. The results are shown in Table 3 , where it can be observed that the average discrepancy was on the order of 6.4% at most. This should be compared to the average discrepancy in the International Journal of Aerospace Engineering stagnation region that was of the order of 3.6% at most [22] . Then, it could be concluded that model errors in the shoulder region were larger by a factor of 2 than model errors in the stagnation region. However, the larger average errors of 6.4% could still be considered as acceptable.
Conclusions
An experimental study has been presented on the subject of water droplet deformation in the vicinity of the shoulder region of an incoming airfoil. Nine different cases have been considered that correspond to three airfoil velocities (50 m/s, 70 m/s, and 90 m/s) and three different fields of vision located close to the shoulder region of the airfoil. Possibly, the most relevant aspect of the results obtained is that, contrary to what happens in the airfoil leading edge region, the droplets moving in the shoulder region tend to tilt significantly towards the direction of the incoming airfoil.
This tilting tends to cause aerodynamics interference between consecutive droplets. The consequence of this type of behavior is that existing droplet trajectory and deformation models that make reasonably accurate predictions in the airfoil leading edge region tend to generate less accurate results when applied to droplets moving in the airfoil shoulder region. However, the LWC of actual heavy rainfall leads to droplet separation distances that are larger than those obtained in the experiment. Then, the question that subsides Figure 15 where the aerodynamic shielding of droplets can be observed in detail (the direction of the slip velocity is drawn in green).
is whether the theoretical model developed by the authors in a previous work might still be reasonably valid for engineering applications in the shoulder region of an airfoil.
In any case, this issue raises some questions regarding the development of engineering methods and tools for prediction of rainfall effects on aircraft. In particular, two of these questions are as follows: (a) would it be possible, owing to the markedly different types of behavior observed, to develop a single generic model, possible of the population balance equation type, that accounts for droplet deformation and trajectory all around the airfoil? and (b) does it still make sense to develop methods and tools that are based on the behavior of the individual droplets? Then, in this context, the present experimental study could be regarded as an approach that has contributed to pose some questions that might be of interest when addressing the development of future engineering methods and tools in this field.
Nomenclature a:
Droplet maximum half diameter c:
Model chord d:
Horizontal distance to the model leading edge stagnation point g:
Gravity acceleration k:
Sor et al. [22] Horizontal slip velocity V sy :
Vertical slip velocity X:
Horizontal position in the PIV reference axes Z:
Vertical position in the PIV reference axes.
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